Effects of growth interruption on the optical and the structural properties of InGaN/GaN quantum wells grown by metalorganic chemical vapor deposition
We report metalorganic chemical vapor deposition of indium nitride ͑InN͒ nanotips with apex angles of 10°and length and base diameter of around 1 m and 200 nm, respectively. The structure of the hexagonal InN nanotips growing along ͓002͔ was studied by electron microscopy and x-ray diffraction, and the optical properties were studied using temperature-dependent photoluminescence ͑PL͒ measurements. A narrow emission peak with a 18 meV full width at half maximum positioned at 0.77 eV was obtained with no visible emission. A PL quenching of only 14% was observed with a temperature scan of 15- Indiun nitride ͑InN͒ is a key element in InGaN-based light emitting diodes ͑LEDs͒ 1,2 and also for high speed electronics 3 owing to its low electronic effective mass and high mobility.
1,2 However, the recent controversy about the fundamental band gap of InN has generated renewed interest in the material. The initial estimation at near 1.9 eV 4 has been challenged by Davydov et al. 5 suggesting it to be near 0.7 eV evident from photoluminescence ͑PL͒ measurements and absorption spectroscopy. Several other reports have confirmed such finding 6, 7 and the apparent band gap near 1.9 eV was generally ascribed to the contribution from indium oxide related phase in the sample. 5 Other possible origins for the visible emission are the quantum size effect, 8 the BursteinMoss shift 9 and nitrogen excesses in InN. 10 InN thin films have been prepared by several routes including metalorganic chemical vapor deposition ͑MOCVD͒, molecular beam epitaxy, chemical beam epitaxy, and vapor phase epitaxy. 11 The window for the growth temperature is narrow because of nitrogen dissociation from InN around 550°C. Reports on nanostructured InN are scarce. InN nanoparticles 12 and nanowires [13] [14] [15] have been reported by the wet chemical synthesis and vapor-liquid-solid ͑VLS͒ routes. Recently, there has been a report on InN nanotube synthesis by a controlled carbonitridation reaction. 16 The scarcity of reports suggests that there are challenges involved in growing good quality InN nanostructures. This letter describes the MOCVD of single crystalline InN 'nanotips' ͑InNNTs͒ and evaluates the structural quality and the optical behavior of the material.
InNNTs were grown by the resistively heated MOCVD on gold ͑2 nm͒ coated quartz substrates held at 550°C and 50 Torr pressure for 90 min. 17 Epi-grade tri-methyl indium ͑EP-ICHEM, UK͒ and high purity ͑99.999%͒ ammonia were used as growth precursors and high purity nitrogen was used as a carrier gas. Figure 1 shows a series of InNNT images taken collectively by high resolution scanning electron microscopy ͑JEOL 5700F HRSEM͒ ͓Figs. 1͑a͒, 1͑b͒, and 1͑c͔͒ and high resolution transmission electron microscopy ͓HRTEM/ JEOL JEM 4000 EX͒ ͓Figs. 1͑e͒ and 1͑f͔͒. The sharply faceted, hexagonal InNNTs growing along ͓002͔ are shown to carry a catalyst ͑Au in this case͒ at its apex which is less than 10 nm in diameter ͓1͑b͔͒ and having an apex angle of ϳ10°. To our knowledge this is the first observation of solid InN nanotips, whereas that reported by Yin et al. InNNT ͓Fig. 1͑d͔͒ shows its representative dimensions. The selected area electron diffraction ͑SAED͒ of the InNNT ͓in-set, Fig. 1͑f͔͒ also speaks of the good quality single crystalline hexagonal phase. The presence of polycrystalline InN grains, which can complicate the interpretations of the PL data presented later, can be ruled out from the observed SAED pattern ͓inset, Fig. 1͑f͔͒ and the HRTEM images ͓Figs. 1͑e͒ and 1͑f͔͒.
The composition of the InNNTs has been established from electron energy loss spectroscopy ͑EELS͒. The nitrogen K edge and the In M 4,5 edges, along with the fine structures, 18 were clearly seen in EELS data ͓Fig. 2͑a͔͒. Further information on the structural quality of the InNNTs can be obtained from the x-ray diffraction ͑XRD͒ ͑Rigaku DMAX/C x-ray diffractometer͒. The XRD spectrum ͓Fig. 2͑b͔͒ shows signature peaks of the hexagonal InN phases ͑Joint Committee for Powder Diffraction Standards, card No. 02-1450͒.
The infrared ͑IR͒ range PL was taken from a conventional PL setup equipped with an InGaAs detector using Argon 488 and 514 nm line for excitation. The PL spectra of the InNNTs measured with 488 nm laser and a 3 mm slit on the detector path are shown in Fig. 3͑a͒ . A sharp emission peak at 0.77 eV 5, 6 was observed with a linewidth full width at half maximum of 18 meV with no significant emission around the visible. A weak peak near 0.754 eV may be due to 20-meV-deep donor level in InN. 19 The peak at ϳ0.735 eV could not be assigned at the present. Temperature dependence of the IR-PL peak measured with an incident laser power of 100 mW shows less than 14% ͑factor of 1.15͒ decrease in the emission intensity when the temperature was varied from 15 to 300 K ͓open squares, Fig. 3͑b͔͒ . The PL efficiency ͑͒ defined as the ratio of the radiative transition probability ͑P r ͒ and the sum of radiative and nonradiative transition probabilities, can be written as
where A P nr , and B P nr , are transition probabilities for two nonradiative mechanisms in different temperature regimes. The temperature dependence of the nonradiative transition probabilities can be written as
with X = A, or B, where E A and E B are the thermal activation energies for the two processes, and A and B are temperature independent prefactors. The temperature dependent efficiency can hence be written as
Here, P r is assumed to be independent of temperature. Assuming the efficiency, , to be solely governing the PL intensity and that ͑15 K͒ = 100%, a high internal efficiency at room temperature can be estimated from Fig. 3 . Indication about the magnitude of the activation energies ͑E A and E B ͒ can be obtained from the Arrhenius plot of the normalized PL intensity as a function of inverse temperature ͓Fig. 3͑b͔͒ and its linear fit according to Eq. ͑3͒. Generally, two distinct regions, one with a high activation near room temperatures and another with low activation at low temperatures, were obtained. Two features stand out from Fig. 3͑b͒ . First, is the extremely small value of the activation energy ͑E A Ͻ 6 meV͒ at low temperatures that supports the assumption ͑͑15 K͒ = 100% ͒ made earlier. Second, is the absence of the PL quenching near room temperature, which, when present, will give rise to the second region with a high thermal activation energy ͑E B ͒. For multiple quantum wells, such as InGaP/ AlGaInP, the thermal activation energy E A accounts for loss mechanism within the well, whereas E B accounts for carrier emission outside the well followed by nonradiative recombination in the barriers. 21 The small activation energy ͑E A ͒ below room temperature can be attributed to excitonic binding energy with impurities. But Lambkin et al. 20 specified E A to be responsible for carriers thermalizing from localized regions of order induced band edge fluctuations in InGaP materials. In some cases the activation energy, E B , was attributed to nonradiative recombination in the dislocations. 22 The absence of the room temperature PL quenching was somewhat unusual and double checked with a 514 nm excitation and a 0.5 mm slit on the detector path. The narrowing of the slit width did reduce the overall intensity of the 0.77 eV line but the temperature dependence carried out from 15 to 320 K, in this case, showed a similar absence of quenching ͓filled circles, Fig. 3͑b͔͒ and a small activation energy of 5.2 meV. In comparison, the GaAsSb/ GaAs quantum wells showed a marked PL quenching measured in the same PL instrumental setup. 23 Also InN films show a marked quenching in the vicinity of room temperature. 24 The features of Fig. 3 taken together speak of a high internal quantum efficiency in the InN material. Nonradiative recombination in defects, such as dislocations, is minimal. The absence of PL quenching near room temperature clearly indicates a minimum thermal escape of carriers from any confining potential within the InNNTs. We have already ruled out polycrystalline grains in the material that could account for nonradiative recombinations. Although we cannot ignore the presence of surface states in nanomaterials, clearly these surface states are not populated even at room temperature, because of a strong electron-hole coupling in the bulk. The surface states can again be passivated by a wide bandgap InO layer, on these InNNTs, blocking the thermal escape routes of the carriers due to large energy requirements. Even after the report of the IR band gap of InN there are reports that still support the visible 1.9 eV band gap of InN. 16 Many reports indicated that the visible band gap may be due to InO in the material. 25 The absence of the visible PL in our case can be due to ͑i͒ absence of significant proportion of InN nanocrystals ͑Ͻ5 nm͒ that can shift the IR peak into the visible with the assumption of an ultrasmall electron effective mass ͑0.042 m 0 ͒, 8 ͑ii͒ low carrier concentration in the crystal to minimize any Burstein-Moss shift 9 which has the ability to shift the band gap from 0.7 to 1.7 eV, 26 and ͑iii͒ absence of excess nitrogen in InN. 10 High-quality stoichiometric InN film with carrier concentration of high 10 17 cm −3 and mobility in excess of 1000 cm 2 V −1 s −1 was reported to have PL emissions at 0.70 eV. 27 The other possibility of optical transitions between interface states of metallic In clusters in the InN matrix 28 can be effectively ruled out since we did not observe the In clusters in our TEM measurements. Moreover, if the In clusters were to dominate the PL measurements, its density must be high enough to be observable under TEM and XRD which is not the case in the present study as well as that reported. 27 In summary, we have demonstrated the growth of solid indium nitride nanotips, with apex angles of 10°and lengths of 1 m, by metalorganic chemical vapor deposition at temperatures of 550°C. The VLS grown InN nanotips were found to be hexagonal with a ͓002͔ axial growth direction.
High resolution TEM demonstrated the nearly defect free structure of the nanotips corroborated by the weak quenching ͑Ͻ14% ͒ of the 0.76 eV photoluminescence peak intensity over a 285 K temperature scan.
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